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ABSTRACT. Dietary anthocyanins (ACYs) may give health benefi ts through their antioxidant activity (AA) or other physi-
ological effects. We examined AA and ACY profi les and contents in 16 blackberry and hybridberry (Rubus L. species) 
cultivars harvested in 2002 and 2003 in New Zealand and Oregon. Total ACY content varied widely among cultivars 
harvested from a single site in a single year (e.g., from 58 to 343 mg/100 g fruit Oregon in 2003). For the 12 cultivars 
common to both sites and years, cultivar and year within location signifi cantly affected total ACY content, accounting 
for 40% and 10% of total variation, respectively. Cultivar interactions with both location and year within location 
were also signifi cant, together accounting for 39% of variation. Cyanidin 3-O-glucoside and cyanidin 3-O-rutinoside 
were identifi ed in all cultivars in both locations in at least 1 year. Compared with total ACY, cultivar accounted for 
more variation in these two ACYs (63% and 92%, respectively), while cultivar interactions together accounted for a 
smaller, but statistically signifi cant, proportion of variation (23% and 7%, respectively). Cyanidin 3-O-sophoroside 
and cyanidin 3-O-(2G-glucosylrutinoside) were identifi ed in only four cultivars. Cultivar effects accounted for 64% 
and 76% of variation in these ACYs, respectively, while cultivar interactions together contributed 18% and 24%, 
respectively. For AA, cultivar effects were not signifi cant, contributing 11% of variation; in contrast, year effect and 
cultivar × environment interactions were signifi cant, contributing 22% and 55% of total variation, respectively. Based 
on cultivar means for all 16 genotypes, the phenotypic correlation between AA and total ACY was positive but lower 
than that between AA and total phenolic content (TPH) (r = 0.63 and 0.97, respectively). Combinations of individual 
ACYs did not provide higher correlations with AA. Thus, ACY profi les and content are not as useful as TPH as a proxy 
measurement for AA.
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Oxidative stress of cellular lipids, proteins, and nucleic acids 
has been implicated in the development of several chronic and 
debilitating human diseases that occur frequently in industrialized 
nations, including atherosclerotic cardiovascular disease, cancer, 
neurodegenerative diseases (e.g., Parkinsonʼs and Alzheimerʼs 
diseases), and others (Cadet and Brannock, 1998; Esterbauer et 
al., 1992; Leake, 1998; Markesbury, 1997; Praticò, 2002). Cellular 
oxidation is usually induced by free radical species produced by 
normal cellular processes or encountered in our environment. The 
bodyʼs endogenous antioxidant enzymes work to prevent cellular 
oxidation, but dietary antioxidant micronutrients, such as vitamin 
E, also play central roles in controlling oxidative stress. Other 
dietary compounds with antioxidant activity (AA), such as the 
simple and complex phenolics that are present in foods of plant 
but not animal origin, may serve similar functions. These phenolic 
antioxidants might partly explain the inverse association observed 
in some epidemiological studies between fruit and vegetable 
consumption and incidence of, or mortality from, cardiovascular 

disease and cancer (Block et al., 1992; Hertog et al., 1997; Knekt et 
al., 2002; Steinmetz and Potter, 1996). Included among the complex 
phenolics are the fl avonoids, of which anthocyanins (ACYs) are 
one class. In vitro AA of individual ACYs or of ACY-enriched 
fruit extract fractions has been demonstrated in several assay 
systems (Deighton et al., 2002; Mullen et al., 2002; Stintzing et 
al., 2002; Tsuda et al., 1994; Wang et al., 1997). In general, their 
AAs appear to compare favourably with those of other fl avonoid 
classes (Fukumoto and Mazza, 2000), and some reports of in vitro 
and in vivo animal studies propose that the AA is important to 
the potential health benefi ts of ACYs, although other activities, 
such as anti-infl ammatory activity, might contribute to their health 
benefi ts (Andriambeloson et al., 1998; Rossi et al., 2003; Serraino 
et al., 2003; Youdim et al., 2000). However, the contribution that 
ACYs make to AA in fruit is less clear; the concentrations and 
relative AA of the other phenolic antioxidants (e.g., fl avonols, 
phenolic acids, fl avanols) and nonphenolic antioxidants (e.g., 
vitamin C) present in the fruit will alter the signifi cance of the 
contribution made by ACYs.

Among fruits, berry fruits in particular are rich in ACYs and 
the contribution that ACYs make to AA will be of interest to 
breeders whose goals include improving fruit color quality and 
AA to produce more healthful fruit. The relationship between 
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ACY and AA in Rubus fruits, and specifi cally blackberries and 
hybridberries, has been addressed in a few studies. [For clarity we 
use “blackberry” to refer to genotypes whose known or presumed 
ancestry includes only representatives of the Rubus blackberry 
subgenera, and “hybridberry” to refer to those genotypes whose 
fruit pick as blackberries (i.e., the receptacle remains with the 
fruit) but whose ancestries also include nonblackberry species, 
such as R. idaeus L. The distinction between these two groups is 
preferred by some horticulturists and breeders; however, because 
blackberries and hybridberries are frequently cultivated together 
commercially and are often cross-hybridized in breeding programs, 
our analyses examined them collectively, without specifi c inten-
tion of comparing blackberries and hybridberries.] Deighton et al. 
(2000) observed a phenotypic correlation of 0.37 between ACY 
content and the Trolox equivalent antioxidant capacity (TEAC) 
among representatives of 12 Rubus species tested in one year; 
the correlation coeffi cient between ACY and the ferric-reduc-
ing antioxidant power (FRAP) in these same samples was 0.59. 
Only some of the species represented in the study belong to the 
blackberry subgenera. Moyer et al. (2002) reported a correlation 
of 0.90 between ACY and oxygen radical absorbance capacity 
(ORAC) among 37 Rubus species and cultivars tested in 1 year, 
but a correlation of 0.70 between ACY and ORAC when the 
sample was limited to 27 hybrid blackberries. The correlations 
between ACY and FRAP for these two groups of Rubus accessions 
were 0.85 and 0.38, respectively. Clark et al. (2002) reported a 
correlation of 0.62 between ORAC and ACY in 20 blackberry 
genotypes from the Univ. of Arkansas breeding program, eight of 
which were assayed in both years of a 2-year study. Thus, there 
is some inconsistency among the reported correlations, possibly 
due to differences in the species or environments, as well as the 
different AA assays employed, among the studies.

In cultivated blackberry, the major ACYs are cyanidin 3-O-
glucoside (cy-glu) and cyanidin 3-O-rutinoside (cy-rut) (Sapers, 
et al., 1986; Siriwoharn et al., 2004; Torre and Barritt, 1977). The 
production of the latter ACY requires a rhamnose substitution, 
presumably controlled by major gene R, which is present in some 
raspberry genotypes (Barritt and Torre, 1975), and in virtually 
all blackberry genotypes (Jennings and Carmichael, 1980). Some 
species included in the blackberry subgenera of Rubus are reported 
to contain cyanidin-based ACYs with other sugar substitutions 
or with acyl substitutions (Mazza and Miniata, 1993; Stintz-
ing et al., 2002) and low concentrations of pelargonidin-based 
ACYs (Deighton et al., 2000; Torre and Barritt, 1977). Addition-
ally, hybridberries may contain ACYs usually associated with 
nonblackberry subgenera of Rubus (Harborne and Hall, 1964; 
Jennings and Carmichael, 1980).

With the exception of the report by Clark et al. (2002), which 
contains data from 2 years, the studies cited do not examine 
the effect of year or location on variation in ACY and AA. Our 
primary objective in this study was to determine the effects of 
environment (year and location) on variation in individual and 
total ACYs among 16 (3 blackberry and 13 hybridberry) cultivars 
harvested in two consecutive seasons in New Zealand and Oregon. 
A secondary objective was to examine the relationship between 
ACY and AA.

Materials and Methods

Full details of cultural practice, fruit sampling, extraction, and 
AA assay are provided in Connor et al. (2005a). Brief summaries 
of the methods are given here.

PLANTS AND FRUIT. Single plots (one to three plants) of each 
cultivar were harvested at Nelson, New Zealand (NZ), and at 
Aurora or Corvallis, Ore. (OR), over two seasons (2002–03, des-
ignated 2002; and 2003–04, designated 2003). Twelve of the 16 
chosen cultivars were successfully harvested in both years at both 
locations, with ≈100 g of shiny, sound, ripe fruit being collected 
when ≈50% of the berries on the plant were fully ripe. Fruit were 
frozen within 3 h of harvest. Frozen fruit from both locations were 
shipped on dry ice to the laboratory in Palmerston North, New 
Zealand, where they were held at –80 °C until extraction.

EXTRACTION. Duplicate extractions were conducted under 
reduced light conditions or under safety-light in a fume hood. 
Approximately 30 g of frozen fruit (average of four to fi ve fruit) 
were weighed and homogenized with 150 mL solvent (80 ethanol 
: 20 water : 1 glacial acetic acid, by volume), and stored for 48 
h at 4 °C. Seeds were not separated from pulp during extraction. 
Following storage, the homogenate was allowed to equilibrate 
toward room temperature (≈18 °C) for 1 h, before two 10-mL 
aliquots were removed and centrifuged at 1500 gn for 20 min. 
Approximately 4 mL of supernatant were removed from each 
aliquot and stored at –20 °C in separate amber glass vials until 
assayed. The same extracts were used for all assays.

ANTHOCYANIN ANALYSES. Individual ACYs were determined in 
the extracts by HPLC (Connor et al., 2005b). Values are reported 
for four individual ACYs (cy-glu, cy-rut, cy-sop, and cy-glurut) that 
together comprised >90% of total ACYs in most of the cultivars 
and eluted between 7 and 15 min after the solvent program started. 
Additionally, ACY peaks with long retention times (LRPs), 
eluting at 15 to 30 min, were collectively quantifi ed. Total ACYs 
included all ACYs that eluted between 7 and 30 min. Cyanidin 
3-O-galactoside, cyanidin 3-O-glucoside, and cyanidin 3-O-
arabinoside (Polyphenols Laboratories, Sandes, Norway) were 
used as standards. The ACY components were quantifi ed using 
an external calibration and expressed as cyanidin 3-O-galactoside 
equivalents in mg/100 g fruit. Components were identifi ed by 
comparison with the ACY profi le of ʻBoysenʼ, which had been 
previously determined (Cooney et al., 2004).

ANTIOXIDANT ACTIVITY. The ferric-reducing antioxidant power 
(FRAP, also referred to as the “ferric-reducing activity of plasma”) 
(Benzie and Strain, 1996) assay was used, with modifi cations by 
Deighton et al. (2000). Results are expressed as ferrous sulfate 
equivalents (FE) in μmol·g–1 fruit.

STATISTICAL ANALYSES. The analyses of variance and variance 
component derivations are described in Connor et al. (2005a). 
All factors, including cultivars, were treated as random effects. 
Phenotypic correlations were calculated using cultivar means 
over years and locations. In addition, linear modeling for AA was 
performed using stepwise elimination, based on Akaikeʼs infor-
mation criterion, of terms from a full model, which incorporated 
individual ACYs and their fi rst-order interactions (Venables and 
Ripley, 1994). Various clustering methods, including linear dis-
criminant function analysis and classifi cation trees, were explored 
to investigate whether partitioning of the cultivars based on the 
ACY profi le corresponded with their lineages. All analyses were 
performed using S-Plus software (version 6.1.2, release 1 for 
Microsoft Windows 2002; Insightful Corp., Seattle, Wash.).

Results

Among the 12 blackberry and hybridberry cultivars harvested 
in both locations in both years, the range in total ACY content was 
similar in NZ (75.9–164.1 mg/100 g fruit) and in OR (80.4–183.5 
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mg/100 g fruit) in 2002, and slightly less in NZ (66.0–167.8 
mg/100 g fruit) than in OR (58.3–219.3 mg/100 g fruit) in 2003 
(Table 1). Although for many cultivars, mean values within a 
location were similar in 2002 and 2003, there were some that 
showed considerable within-location between-year differences. 
For cy-glu, which was detected in all of the cultivars and rep-
resented the major ACY in most of them, the range in values 
was wider in OR than in NZ in both years, while for cy-rut the 
ranges were wider in NZ than in OR in both years. Cy-rut was 
present at lower concentrations than cy-glu in all cultivars, but 
demonstrated a wide range of means, and it was not present in 
all location-year combinations. For example, it was detected in 
ʻHull Thornless  ̓in 2002 in both locations but was not detected 
in fruit harvested in both locations in 2003. Cy-sop and cy-glurut 
were detected in both years and both locations only in ̒ Boysenʼ, 
ʻLoganʼ, ̒ Ranuiʼ, and ̒ Tayberry  ̓(Table 2). They were not identi-
fi ed in any of the other cultivars, except ʻSilvan  ̓and ʻSiskiyou  ̓
(cy-sop only) in a single year and location (data not shown). In 
NZ, cy-sop content of ̒ Boysen  ̓and ̒ Logan  ̓approximated or ex-
ceeded cy-glu content in both years. The ACY peaks characterized 
as LRPs were not specifi cally identifi ed for this study, although 
some may represent acylated anthocyanins. The LRPs displayed 
a range of values among cultivars that was similar in each of the 
4-year location combinations (≈1–20 mg/100 g fruit), and were 
minor constituents in most cultivars. However, in a few cultivars 
(e.g., ʻHull Thornless  ̓and ʻNavahoʼ) the LRPs accounted for a 
substantial proportion of the total ACYs in each environment. 
Two representative chromatograms are shown in Fig. 1. 

The ranges in AA values were similar in the two locations in 
2002: from 49.0 to 81.0 μmol·g–1 fruit in NZ and from 58.7 to 
83.0 μmol·g–1 fruit in OR. In 2003, the range was narrower in NZ 
than in OR. In some instances, the within-cultivar between-year 
changes in AA were quite different from those that occurred in 
total or individual ACYs. For example, the substantial changes 
in total ACY and cy-glu observed in ̒ Black Butte  ̓between years 
in both locations was accompanied by only modest changes in 
AA between years.

The four additional cultivars that were not harvested in both 
years in both locations contained total ACY, cy-glu, and cy-rut 
in concentrations that were consistent with those of the other 12 
cultivars, with the exception of ʻChehalemʼ. The values for total 
ACY and cy-glu for this cultivar were substantially higher than 
those of the remaining cultivars (Table 1).

The importance of cultivar to total variation in ACY content 
is demonstrated by the variance component distribution analysis 
(Table 3). The cultivar main effect accounted for only 40% of 
total variation in total ACY, but its interactions accounted for an 
additional 38%. For all individual ACYs and LRPs, the main effect 
of cultivar was signifi cant, or nearly so, and accounted for 64% to 
93% of total variation. Cultivar interactions with location and/or 
year within location accounted for further variation, particularly 
for those ACYs for which the cultivar main effect contributed 
<90%. In contrast, location and year main effects accounted for 
<5% and ≤7% of variation, respectively, and rarely achieved 
statistical signifi cance. The location effect contributed little to 
variation in total ACY, whereas the year within location effect 
was signifi cant and contributed 10% to total variation. 

The distribution of variance components for AA differed sub-
stantially from those for the ACYs; cultivar main effect accounted 
for only 11% of variation and was not signifi cant, while year 
effects account for 22%. Additionally, the cultivar interactions 
account for 55% of total variation.

For all analyses, variation among samples was statistically 
signifi cant. However, it accounted for only 7% to 8% of the 
variance in total ACY and AA, and accounted for <5% for the 
individual anthocyanins and LRPs.

Because an inverse correlation between fruit weight and some 
ACYs, and between fruit weight and AA, was noted (Table 4), 
analyses were repeated using fruit weight as a covariate. For 
ACYs, the signifi cance of the main effects and interactions were 
not substantially altered with adjustment for weight (analyses not 
shown). However, for AA, adjustment for fruit weight altered 
the analysis, such that cultivar accounted for 29% of the total 
variance and approached signifi cance (P = 0.057) (Connor et 
al., 2005a).

Among all cultivars tested, the correlation between total 
ACY and cy-glu was high (r = 0.90) and between total ACY 
and cy-rut was low (r = 0.22), refl ecting the role of cy-glu as the 
major contributor to total ACY in most cultivars (Table 4, top). 
The correlation between cy-glu and cy-rut was negligible (r = 
0.06). The correlations between total ACY, cy-glu, or cy-rut and 
cy-sop or cy-glurut were all low to moderate and negative when 
all cultivars were included. Since only four cultivars produced 
cy-sop and cy-glurut on a consistent basis, correlations obtained 
by considering only these four were also obtained (Table 4, bot-
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Fig. 1.Two representative HPLC chromatogram traces showing the anthocyanin 
peaks for (A) ̒ Chehalem  ̓in New Zealand in 2002, and (B) ̒ Boysen  ̓in Oregon 
in 2003. The retention times of the individual anthocyanins vary slightly between 
these two traces because they were selected from different years. This variation 
is within normal operating limits for HPLC and peak identity was verifi ed by 
authentic anthocyanin standards. Abbreviations for anthocyanins: Cy-glu = 
cyanidin 3-O-glucoside, Cy-rut = cyanidin 3-O-rutinoside, Cy-sop = cyanidin 
3-O-sophoroside, Cy-glurut = cyanidin 3-O-(2G-glucosylrutinoside), and LRPs 
= anthocyanin peaks with retention times longer than 15 min.

521.indd   682521.indd   682 8/17/05   4:33:46 PM8/17/05   4:33:46 PM



683J. AMER. SOC. HORT. SCI. 130(5):680–687. 2005.

Table 1. Mean values of total anthocyanins (ACY), cyanidin 3-O-glucoside, cyanidin 3-O-rutinoside, and antioxidant activity (by FRAP assay) in

fruit from 16 blackberry and hybridberry cultivars harvested in 2002 and 2003 in Oregon (OR) and New Zealand (NZ).  Cultivars are listed in

increasing order of mean total ACY over all environments.

Total ACY Cyanidin 3-O-glucoside Cyanidin 3-O-rutinoside Antioxidant activity

(mg/100 g fruit) (mg/100 g fruit) (mg/100 g fruit) (�mol·g
–1

 fruit)

NZ  OR NZ OR NZ  OR NZ  OR

Cultivar 2002 2003 2002 2003 2002 2003 2002 2003 2002 2003 2002 2003 2002 2003 2002 2003

Logan   75.9   66.0   80.4 101.8   22.5   23.2   40.0   39.5   4.7   5.1   7.4 10.0 67.1 56.0 71.7 63.3

Tayberry   85.4   74.4   86.5   92.5   33.7   33.6   25.5   17.8 14.3 15.1 10.7   9.3 52.1 40.0 79.1 58.3

Hull Thornless 108.2   97.2   84.7   58.3   86.1   75.8   64.2   46.0   0.7   0.0   0.7   0.0 63.5 54.6 62.2 43.3

Shawnee 102.6 154.0 114.8 128.2   90.9 140.5 103.6 116.9   6.0   7.7   6.1   7.2 49.0 56.1 58.7 51.2

Ranui 111.3 121.4 104.4 164.8   63.5   72.4   68.8 117.8   0.9   0.5   1.2   1.4 68.3 56.1 70.5 75.1

Siskiyou 119.6 115.3 130.2 156.4   78.5   75.1   95.5 122.9 38.0 40.2 32.3 32.8 74.2 56.2 71.5 73.3

Black Butte 109.2 136.4   99.5 187.7 105.1 134.3   97.1 185.0   1.9   2.1   0.9   0.6 69.4 63.8 60.6 66.6

Silvan 123.6 115.7 149.4 151.9   79.8   70.2 101.2 114.0 42.1 45.5 29.4 37.9 67.8 52.8 79.8 62.4

Navaho 139.7 152.2 129.0 139.4 117.9 132.5 111.4 121.5   0.8   0.0   0.8   0.6 72.2 63.1 61.0 55.8

Boysen 107.3 102.0 142.9 208.6   24.1   37.9   55.5 117.9   2.4   2.2   7.8 16.6 70.7 57.8 82.6 89.8

Marion 164.1 167.8 156.4 171.7 102.8 112.9 108.1 130.3 53.0 48.5 40.8 35.7 81.0 70.4 80.8 70.2

Kotata 133.5 132.4 183.5 219.3 121.8 122.2 168.4 207.8   9.5 10.2 12.5 11.5 60.4 52.2 83.0 78.4

Yearly means 115.0 119.6 121.8 148.4   77.2   85.9   86.6 111.5 14.5 14.7 12.5 13.6 66.3 56.6 71.8 65.6

(12 cultivars)

Location means 117.3 135.1 81.6 99.0 14.6 13.1 61.4 68.7

(12 cultivars)

Aurora 101.3 102.3 131.3  -----   93.6   93.9 122.9  -----   7.0   8.4   7.4  ----- 70.2 54.5 85.2  -----

ORUS 1826 128.8 135.4  -----  ----- 119.4 129.2  -----  -----   6.7   6.3  -----  ----- 66.5 56.6  -----  -----

Waldo  -----  ----- 142.3 134.7  -----  ----- 128.7 119.9  -----  -----   9.3 11.5  -----  ----- 79.4 69.0

Chehalem 279.9  -----  ----- 343.4 243.2  -----  ----- 305.7 14.6  -----  ----- 14.0 94.2  -----  ----- 87.7

Yearly means 126.0 119.5 123.9 161.3   92.2   89.6   92.2 125.9 13.5 13.7 11.9 13.5 68.4 56.4 73.6 67.5

(all cultivars)

Location means 122.9 142.6 90.9 109.1 13.6 12.7 62.6 70.6

(all cultivars)

–1

Table 2. Mean values of cyanidin 3-O-sophoroside, cyanidin 3-O-(2
G
-glucosylrutinoside), and anthocyanin peaks with retention times longer than

15 min by HPLC (LRPs) in fruit from only the blackberry and hybridberry cultivars expressing those anthocyanins
z
, harvested in 2002 and 2003 in

Oregon (OR) and New Zealand (NZ).

Cyanidin 3-O-sophoroside Cyanidin 3-O-(2
G
-glucosylrutinoside) LRPs

(mg/100 g fruit) (mg/100 g fruit) (mg/100 g fruit)

NZ OR NZ OR NZ OR

Cultivar 2002 2003 2002 2003 2002 2003 2002 2003 2002 2003 2002 2003

Logan 35.7 28.5 25.1 38.9 12.3   9.2   7.4 13.4 ----- ----- ----- -----

Tayberry 19.9 14.2 25.7 30.2 16.7 11.6 23.5 33.9 ----- ----- ----- -----

Ranui 44.5 46.9 32.7 44.6 1.8   1.6   1.6   1.0 ----- ----- ----- -----

Boysen 56.8 48.7 51.6 47.5 21.7 12.8 25.5 26.6 ----- ----- ----- -----

Yearly means 39.2 34.6 33.8 40.3 13.1   8.8 14.5 18.7 ----- ----- ----- -----

Location means 36.9 37.0 11.0 16.6

Hull Thornless  --- ----- ----- ----- ----- ----- ----- ----- 21.6 21.4 19.9 12.3

Shawnee  --- ----- ----- ----- ----- ----- ----- -----   5.2   5.8   4.9   4.1

Black Butte ----- ----- ----- ----- ----- ----- ----- -----   1.3   0.0   1.1   2.1

Navaho ----- ----- ----- ----- ----- ----- ----- ----- 20.8 19.7 16.7 17.3

Marion ----- ----- ----- ----- ----- ----- ----- -----   7.8   6.5   6.9   5.7

Waldo ----- ----- ----- ----- ----- ----- ----- ----- ----- -----   4.1   3.3

Chehalem ----- ----- ----- ----- ----- ----- ----- ----- 20.9 ----- ----- 23.0

Yearly means ----- ----- ----- ----- ----- ----- ----- ----- 12.9 10.7 9.0 10.7

Location means ----- ----- ----- ----- 11.9 9.3

z
Inclusion of cultivars expressing LRPs was restricted to those whose mean values were � 1 for each location-year combination in which there was

detectable expression.

-----

-----

36.9 37.0 11.0 16.6

11.9                        9.3
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tom). The correlation between total ACY and cy-glu remained 
high, but that between total ACY and cy-rut was insubstantial, 
probably refl ecting the greater contribution of cy-sop to total ACY. 
The correlations between total ACY and cy-sop and between cy-
glu and cy-sop were moderate to low but positive (r = 0.62 and 
0.41, respectively) when only the four cy-sop-containing cultivars 
were included. The correlations between cy-glu and cy-glurut and 
between cy-rut and cy-sop in these four cultivars remained nega-
tive (r = –0.30 and –0.51, respectively), although they differed 
in magnitude from those based on all 16 cultivars (r = –0.51 and 
–0.27, respectively). The correlation between cy-rut and cy-glurut 
was positive (r = 0.60) in the analysis limited to four cultivars, 
whereas it had been negative and low among all 16 cultivars (r 
= –0.13). The correlations among LRPs and the other variates in 
the seven cultivars expressing these peaks were low. 

Correlations between AA and the ACYs based on all 16 cultivars 
were low; the highest was that between total ACY and AA (r = 
0.63). When the subset of four cultivars expressing cy-sop and 
cy-glurut were considered, the correlation coeffi cient was 0.66. 
Correlations between AA and the sums of individual ACYs were 
also calculated, but none matched or exceeded the correlation 
between total ACY and AA.

Stepwise linear modeling of AA using individual ACYs and 
their interactions resulted in a parsimonious model in which all 
individual ACYs and two interactions (cy-sop with cy-rut and 
cy-glurut with cy-rut) were included, with a multiple R2 = 0.53 
(analysis not shown). Thus, approximately half the variation in 
AA can be explained through ACY-based linear models. Linear 
discriminant function analysis, based on the cultivar ACY values 
for the four location × year combinations, gave a similar overall 

Total ACY (n = 12) Cy-glu (n = 2) Cy-rut (n = 12)    AA (n = 12)

Source df PTV (%). P  PTV (%) P PTV (%) P PTV (%) P

Cultivar (C) 11 40.3 0.022 63.5 <0.001 92.0 <0.001 11.1 0.264

Location (L) 1 2.9 0.329 2.1 0.320 0.0 0.396 4.3 0.339

Year (Y) within L 2 10.4 0.006 7.0 0.005 0.0 0.478 22.0 <0.001

C � L 11 19.5 0.022 10.8 0.033 5.8 <0.001 34.6 0.003

C � Y within L 22 18.6 <0.001 12.2 <0.001 1.3 <0.001 20.3 <0.001

Sample within C � Y within L 48 8.1 <0.001 4.4 <0.001 0.8 <0.001 7.3 <0.001

Residuals 95 0.1 0.0 0.0 0.4

Total variance 1471 2111 274 138

Cy-sop
y

(n = 4) Cy-glurut
y
 (n = 4)

Source df PTV (%) P PTV (%) P

Cultivar 3 75.9 0.044 64.3 0.072

Location 1 0.0 0.979 4.6 0.278

Year within L 2 3.4 0.131 5.4 0.085

C � L 3 6.9 0.138 17.6 0.036

C � Y within L 6 11.4 <0.001 7.2 <0.001

Sample within C � Y within L 16 2.2 <0.001 0.9 <0.001

Residuals 32 0.2 0.1

Total variance 186 125

     LRPs
x
 (n = 7)

Source df PTV (%) P

Cultivar 6 92.6 <0.001

Location 1 0.6 0.245

Year within L 2 0.0 0.496

C �  L 5 2.4 0.114

C � Y within L 9 3.7 <0.001

Sample within C � Y within L 24 0.5 <0.001

Residuals 47 0.1

Total variance 77

z
Abbreviations for anthocyanins:  Cy-glu = cyanidin 3-O-glucoside, Cy-rut = cyanidin 3-O-rutinoside, Cy-sop = cyanidin

3-O-rutinoside, Cy-glurut = cyanidin 3-O-(2
G
-glucosylrutinoside), and LRPs = ACY peaks with retention times longer than

15 min in HPLC.
y
Cultivars expressing Cy-sop and Cy-glurut were ‘Boysen’, ‘Logan’, ‘Ranui’, and ‘Tayberry’.

x
Cultivars expressing LRPs were ‘Black Butte’, ‘Chehalem’, ‘Hull Thornless’, ‘Marion’, ‘Navaho’, ‘Shawnee’, and ‘Waldo’

(i.e., this group includes two cultivars not harvested in both locations and both years).

Table 3.  Combined year proportion of total variance (PTV) and F-probabilities from the analyses of variance (P) for total and

individual anthocyanins
z
 (ACY) and antioxidant activity (AA), for 12 blackberry and hybridberry cultivars (or subsets of these

cultivars
y, x

) harvested in Oregon and New Zealand in both 2002 and 2003.  The numbers of degrees of freedom are shown for

each group of variates, and the total variance for each variate is given in italics.

(n = 12)

3-O-sophoroside
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partitioning to that obtained using a classifi cation tree approach 
(data not shown). However, cultivars with a high co-ancestry 
were not necessarily located on the same branch.

Discussion

This study demonstrates signifi cant genotype × environment 
interactions for total and individual ACYs in blackberry/hybrid-
berry cultivars. There was signifi cant among-cultivar variation 
in combined year analyses for all ACYs quantifi ed in the 12 
genotypes harvested in both locations in both years. Cultivar 
main effects accounted for 40% to 92% of total variation in the 
ACYs. In contrast, variation between locations was negligible, 
and variation between years within location was signifi cant but 
minor when compared to cultivar effects. However, both cultivar 
× location and cultivar × year within location interactions ac-
counted for a considerable proportion of the variation (up to 38% 
together), indicating that rank or scale changes between envi-
ronments occurred. Our results indicate that, since fruit color is 
important in fresh and processed blackberry products, assessment 
and selection for high total ACY in a breeding program should 
optimally be evaluated across several environments. Sapers et 
al. (1986) indicated in their study of 33 closely related thornless 
blackberry cultivars and selections that the genotypes could be 
grouped into fi ve ACY patterns based on relative proportions of 
the fi ve ACY peaks identifi ed in HPLC analysis. They reported 
that the patterns were reproducible over the 2 years in which 25 
of the genotypes were tested. However, while their data provide 
yearly mean values for each of the ACYs in each of the fi ve pat-
terns, they do not indicate the range of values observed within a 
pattern, or the ACY values in individual genotypes. Thus, their 
work cannot confi rm the cultivar × year interaction we observed. 
Our study did not examine color of either the fresh or frozen fruit; 
thus, the association between specifi c ACY profi les and color was 
not determined. However, Sapers et al. (1986) indicated that the 
fi ve ACY patterns they identifi ed were not indicative of juice or 
fruit color differences observed among genotypes.

In contrast to the ACYs, variation in AA among cultivars 
was not statistically signifi cant, and cultivar main effects ac-
counted for only 11% of total variation in AA. However, year 

within location effect, and the cultivar × year within location 
and cultivar × location interactions accounted for 22%, 34%, 
and 20% of total variation in AA, proportions which are nearly 
twice those observed in the ACY analyses. Thus, among these 
cultivars, the AA response to environment is less uniform than 
the ACY responses. The differential responses in these variables 
probably contribute to the low to moderate phenotypic correla-
tions between AA and the ACYs, ranging from 0.23 for cy-rut 
and AA (based on all cultivars) or 0.24 for cy-glurut and AA 
(based on the four cultivars expressing this ACY) to 0.63 for 
total ACY and AA. The correlation between total ACY and AA 
is substantially lower than that observed between AA and TPH 
measured in the same fruit extracts, for which r = 0.97 (Connor 
et al., 2005a). Thus, TPH would serve as a more reliable proxy 
measure of AA than total or individual ACYs, should direct AA 
assessment not be available. We also explored linear modeling for 
AA based on individual ACYs and their fi rst-order interactions 
and found that approximately half (R2 = 0.53) the variation in AA 
could be explained by these factors. However, this proportion is 
substantially less than that explained by TPH effect (R2 = 0.93). 
Note that TPH, as determined by the Folin-Ciocalteu method, 
which is widely used and considered reliable, measures oxidizable 
substances, but is not entirely specifi c for phenolic compounds, 
as nonphenolic substances can interfere with the determination 
(Singleton et al., 1999). Thus, the true correlation between TPH 
and AA may be slightly lower than we report. Nevertheless, our 
results raise the question of whether the investment of time and 
reagents necessary to obtain an ACY profi le by HPLC is appropri-
ate if the principal use of the data is AA screening. As noted in the 
Introduction, ACYs are only a few of the many different phenolic 
compounds in berry fruits and other food plants, and the AA of 
a food or food extract will thus depend on the presence of these 
other phenolic compounds and their relative AA. Siriwoharn et 
al. (2004) reported mean total ACY concentrations of 131–256 
mg/100 g fruit, and TPH concentrations of 682–1056 mg/100 g 
fruit among 11 blackberry cultivars. Procyanidins, ellagitannins, 
and fl avonols were the major polyphenolic classes they quantifi ed 
in the fruit, and their respective concentrations varied among the 
cultivars. In 12 thornless blackberry selections and cultivars, the 
two fl avonols identifi ed by HPLC were quercetin and kaempferol 

Table 4. Phenotypic correlations (cultivar mean basis, by year and location) among total and individual anthocyanins
z
 (ACY), fruit weight (FW),

and antioxidant activity (AA) in fruit from all blackberry and hybridberry cultivars harvested in Oregon and New Zealand in 2002 and 2003

(n = 57, upper table); and in fruit from only those four cultivars that expressed cyanidin 3-O-sophoroside and cyanidin 3-O-(2
G
-glucosylrutinoside)

(n = 16) (lower table).
y

Total ACY Cy-glu Cy-rut Cy-sop Cy-glurut  LRPs  FW   AA

Total ACY   0.90   0.22  –0.21 –0.21   0.31 –0.31   0.63

Cy-glu   0.06  –0.51 –0.51   0.38 –0.15   0.45

Cy-rut  –0.27 –0.13 –0.18   0.00   0.23

Cy-sop (all)   0.72 –0.38 –0.11   0.10

Cy-glurut (all) –0.31 –0.33   0.08

LRPs –0.29   0.06

FW –0.44

Total ACY   0.88   0.06   0.62   0.13   0.25   0.17   0.66

Cy-glu –0.09   0.41 –0.30   0.19   0.36   0.50

Cy-rut –0.51   0.60 –0.21 –0.35 –0.04

Cy-sop   0.03    --- –0.25   0.52

Cy-glurut    --- –0.57   0.24

LRPs –0.62   0.05

FW –0.25
z
Abbreviations for individual ACYs: Cy-glu = cyanidin 3-O-glucoside, Cy-rut = cyanidin 3-O-rutinoside, Cy-sop = cyanidin 3-O-sophorisode, Cy-

glurut = cyanidin 3-O-(2
G
-glucosylrutinoside), LRPs = ACY peaks with retention times longer than 15 min in HPLC.

y
In lower table, the correlations between LRPs and other variables are based on data from the seven cultivars expressing LRPs (n = 28).  Cy-sop

and cy-glurut were not identified in fruit from these cultivars.

sophoroside
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(Bilyk and Sapers, 1986). Thus, it is not entirely surprising that, in 
blackberry (and other berry fruits), the TPH might more closely 
correlate with AA than ACY content does. 

Some reports suggest that ACYs possess biological activities 
that may confer health benefi ts to humans. In some cases, the 
activities have been attributed to the AA of the ACYs (Serraino 
et al., 2003; Youdim et al., 2000) and differences in AA among 
various ACYs have been noted in several studies (Deighton et al., 
2002; Fukumoto and Mazza, 2000; Tsuda et al., 1994; Wang et al., 
1997). If ACYs substantially vary in AA, it raises the possibility 
that particular combinations of ACYs might be more effi cacious 
than others in providing the AA necessary for those biological 
activities or health benefi ts dependent on high AA. The results 
from this study indicate that the ACYs occurring in extracts of 
blackberry or hybridberry fruit do not explain the variation in 
AA in those extracts as well as TPH does, regardless of whether 
they are considered as main effects or in interactions with each 
other or with location and year effects. This, in turn, suggests 
that phenolic compounds other than ACYs have substantial im-
portance in determining AA in the fruit extracts, and that it may 
be the simple phenolic content or perhaps the phenolic profi le 
as a whole, exclusive or inclusive of ACYs, that dictates the 
relative effi cacy of a particular berry fruit or berry fruit extract 
in providing AA or the biological activities or presumed health 
benefi ts linked to AA. 

It is possible that some of the biological activities demonstrated 
by ACYs may occur through non-AA-related mechanisms. For 
example, some reports addressing vascular health and function 
(Andriambeloson et al., 1998; Martin et al., 2003) and the mod-
eration of lung infl ammation in response to injury (Rossi et al., 
2003) suggest that ACYs possess anti-infl ammatory activity, or 
might modulate calcium concentrations that can infl uence apop-
tosis (programmed cell death). If this is the case, then a particular 
ACY profi le, or specifi c ACY concentration in a food or extract, 
might be considered a goal or “target” for breeding or process-
ing. The cultivar × environment interactions that we observed 
in total and individual ACYs indicate that, if a particular ACY 
profi le in blackberries or hybridberries is sought through breed-
ing, considerable effort might be required to identify genotypes 
that provide this consistently well in all environments.

The partitioning of cultivars based on ACY profi le that we 
obtained by linear discriminant analysis did not relate well to 
the coancestries of the parents. In a factorial study of red rasp-
berry, Connor et al. (2005b) found that ACY profi les of progeny 
were poorly predicted based on knowledge of the parents. They 
suggested this would lead to diffi culties for a breeding program 
that aimed to produce cultivars with specifi c ACY profi les. Our 
results with blackberries and hybridberries, although less robust, 
suggest that the same might apply for these Rubus species as well. 
Nevertheless, the presence in the profi le of an ACY characteristic 
of a particular species is useful in detecting or confi rming inter-
specifi c origins in genotypes exhibiting blackberry characters, as 
suggested by Jennings and Carmichael (1980). The presence of 
cy-sop in ʻBoysenʼ, ʻLoganʼ, ʻRanuiʼ, and ʻTayberry  ̓coincides 
with the known or presumed red raspberry in the ancestry of these 
cultivars. However, ʻBlack Butteʼ, ʻKotataʼ, ʻMarionʼ, ʻSilvanʼ, 
and ʻSiskiyou  ̓all have red raspberry in their ancestry and yet 
did not produce detectable amounts of cy-sop.

In summary, our study demonstrated signifi cant cultivar varia-
tion and important cultivar × environment interactions for total 
and individual ACYs among the 16 blackberry and hybridberry 
genotypes examined. Cultivar × year and cultivar × location to-
gether contributed from 7% to 24% of the variation in individual 

ACYs, and 39% of the variation in total ACY. Cultivar interactions 
were also signifi cant for AA, contributing 55% of the total varia-
tion. Phenotypic correlation was highest (r = 0.63) between total 
ACY and AA; this is substantially lower than the correlation (r = 
0.97) between total phenolic content and AA previously reported 
among these cultivars.
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